Abstract: Fire activity, in terms of intensity, frequency, and total area burned, is expected to increase with a changing climate. A challenge for landscape-level assessment of fire effects, often termed burn severity, is that current remote sensing assessments provide very little information regarding tree/vegetation physiological performance and recovery, limiting our understanding of fire effects on ecosystem services such as carbon storage/cycling. In this paper, we evaluated whether spectral indices common in vegetation stress and burn severity assessments could accurately quantify post-fire physiological performance (indicated by net photosynthesis and crown scorch) of two seedling species, Larix occidentalis and Pinus contorta. Seedlings were subjected to increasing fire radiative energy density (FRED) doses through a series of controlled laboratory surface fires. Mortality, physiology, and spectral reflectance were assessed for a month following the fires, and then again at one year post-fire. The differenced Normalized Difference Vegetation Index (dNDVI) spectral index outperformed other spectral indices used for vegetation stress and burn severity characterization in regard to leaf net photosynthesis quantification, indicating that landscape-level quantification of tree physiology may be possible. Additionally, the survival of the majority of seedlings in the low and moderate FRED doses indicates that fire-induced mortality is more complex than the currently accepted binary scenario, where trees survive with no impacts below a certain temperature and duration threshold, and mortality occurs above the threshold.
Introduction
Recent evidence from North America of increased fire activity (intensity, frequency, and total area burned) due to anthropogenic climate change [1] [2] [3] underscores the need to improve our understanding of variable fire intensity impacts on ecosystem productivity at local to regional scales. Current assessments of the ecological impacts of fires, termed burn severity, investigate the degree to which an ecosystem has changed due to a fire [4] and typically encompass both vegetation and soil effects [5] . Biomass consumption, vegetation mortality, and soil infiltration/water repellency are field metrics used to quantify fire effects [6, 7] . Burn severity at local to regional scales is typically characterized from bi-temporal spectral indices derived from satellite sensor remote sensing data ρ NIR = sensor near-infrared reflectance, ρ r = sensor red reflectance, and ρ SWIR = sensor shortwave infrared reflectance. For PRI, ρ 531 and ρ 570 denote reflectance from specific spectral wavelengths (µm).
Materials and Methods

Plant Materials
Details of seedling culture and growing conditions are reported in more detail in a prior study [8] . In total, 36 Larix occidentalis (western larch) and 36 Pinus contorta (lodgepole pine) seedlings were grown in an open-sided greenhouse at the University of Idaho Pitkin Forest Nursery in Moscow, ID, USA, using 3.8 L pots through two and a half growing seasons under natural light conditions. The Pinus and Larix seedlings were randomly divided into four groups of nine seedlings (control group and three levels of FRED), and kept in the greenhouse except during the fire combustion experiments. For both species, the seedlings averaged a height of approximately 0.6 m.
Experimental Fire Setup
Experiments were conducted at the indoor combustion laboratory associated with the Idaho Fire Initiative for Research and Education (IFIRE). From the fire science literature [31, 32] , it is well-accepted that the consumption of pure fuel beds of known type, loads, and moisture contents will release predictable amounts of FRED. Using data presented in [33] and following the methods described in [8] , we determined the loads (kg¨m´2) of dry (~0% fuel moisture content) Pinus monticola (western white pine) needles to produce total FRED "doses" of 0.4 MJ¨m´2 (low group), 0.8 MJ¨m´2 (moderate group), and 1.2 MJ¨m´2 (high group). A control group containing the same number of replicates was included that was not exposed to fire. These doses were created to simulate the range of fire behavior typically seen in surface fires across a range of global woodland ecosystems [21, 34, 35] . The needles used in the current experiment were collected from a Pinus monticola plantation located adjacent to the University of Idaho, and were manually sorted to remove impurities. For each ignition, 1-2 g of 100-proof ethanol was added to the edge of the fuel bed and ignited to provide a uniformly spreading flaming front. Each burn occurred over approximately the same duration regardless of fuel load (229˘2.1 s) and was considered complete once smoldering combustion had ceased for at least 20 s.
Spectral Measurements
Spectral reflectance was collected from one week prior to the experiments until four weeks post-fire using an ASD FieldSpec Pro spectroradiometer with the mineral probe attachment (Analytical Spectral Devices, Boulder, CO, USA). This spectroradiometer has a spectral resolution of 3 nm between 350-1000 nm and 10 nm between 1000 and 2500 nm. Spectra were internally processed via linear interpolation to 1 nm resolution before any calculations were performed. Multiple (three-to-seven) pre-fire spectra were collected from both old (internodal) and new (apical bud) foliage on each seedling to create baseline spectral measurements for each tree, where each measurement averaged ten collections from the spectroradiometer. For each non-destructive spectral sample,~5 cm 2 of foliage was positioned between a background object of known reflectance and the mineral probe attachment. The background reflectance was subtracted from each sample. Where possible, post-fire spectra were collected from the same locations as the pre-fire spectra. At 52 and 54 weeks post-fire, some of the trees were harvested for a companion study, leaving fewer trees for spectra collection. The location of the new foliage spectra was coincident with photosynthesis measurements (as described below). Between each seedling, a Spectralon panel calibration measurement was made to enable calculation of reflectance. All spectra were converted into band-equivalent reflectance [36, 37] associated with Landsat 8 Operational Land Imager (OLI) (see [38] for specific wavelengths) for the calculation of the Normalized Burn Ratio (NBR: [30] ) and the Normalized Difference Vegetation Index (NDVI: [39] ). The Photochemical Reflectance Index (PRI: [23] ) used the individual wavelengths of 531 and 570 nm. Table 1 outlines each spectral index calculated in this study. Photographs were also taken pre-fire-(´1 days) and post-fire (+1, 2, and 4 weeks) to obtain visual estimates of crown scorch, which was assessed following the methodology in [30] . Specifically, the proportion of the crown volume that is yellow-green or brown is visually compared to the total crown volume.
Seedling Physiology Measurements
To elucidate the potential physiological properties that cause the observed changes in the spectral indices, we draw on data from a related study [20] . That study collected additional seedling physiological metrics and sought to understand the underlying mechanisms associated with mortality and post-fire recovery. More detail of the methods can be found in [20] but the subset of metrics that are used in this study are briefly described here. Light-saturated (1100 mmol¨m´2¨s´1 PPFD) gas exchange (photosynthesis) and chlorophyll fluorescence measurements were performed following standard protocols [40, 41] using a LI-6400XT and 6400-05 LED light source and conifer chamber (LI-COR, Inc., Lincoln, NE, USA) one day prior to the burns and then at 1, 4, 7, 14, and 28 days following the burns on five randomly-selected plants in each dose group. Water potential was measured following standard protocols [42] at midday at the same sampling intervals as P N using a Model 600 Pressure Chamber (PMS Instruments Company, Albany, OR, USA).
Statistical Analysis
Physiological and spectral differences were compared with ANOVA and, if significant, a Tukey's Honest Significant Difference test (HSD, α = 0.05). Distributional assumptions required for ANOVA were graphically assessed and homogeneity of variances were verified using the Bartlett Test of Homogeneity of Variances [43] . Relationship 'goodness of fit' between dependent and independent variables was assessed using the coefficient of determination (r 2 ) and standard error of the estimate (SEE) from regression analysis.
Results
For both tree species, increasing FRED dose resulted in increasing crown scorch and decreasing physiological performance (Figure 1 ). We found positive, non-linear relationships between FRED dose and crown scorch at four weeks post-fire ( Figure 1b 0.01) and Larix (r 2 = 0.72, SEE = 1.5, p < 0.001). Likewise, significant negative relationships were observed between crown scorch and stomatal conductance ( Figure 1d , Pinus: r 2 = 0.77, p < 0.001, Larix: r 2 = 0.45, p < 0.01) for both species and leaf water potential for lodgepole pine (Pinus: r 2 = 0.56, SEE = 0.08, p < 0.001). The dNDVI spectral index had significant positive relationships (i.e., greater deviation from baseline values as crown scorch increased) with crown scorch (data not shown, Pinus: r 2 = 0.34, p < 0.001; Larix: r 2 = 0.24, p < 0.01). Figure 2 displays example photos of crown scorch for each FRED dose group at four weeks post-fire. The temporal trajectory of all spectral indices for the high FRED dose seedling group for both species generally displayed a slight increasing trajectory or no trend at all ( Figure 3 ). An exception to this is the decrease in dNBR and dNDVI index values for Larix at three and four weeks post-fire. Several of the Larix produced small leaf buds that initially grew for a few days, but ultimately died. This could explain the slight decrease of spectral index values (toward pre-fire baseline values) of Larix. Both dNDVI and dPRI spectral index values for the low and moderate FRED doses displayed bell-shaped temporal trajectories with values peaking at two weeks post-fire. These values generally decreased at three and four weeks post-fire, possibly indicating partial recovery in both seedling The temporal trajectory of all spectral indices for the high FRED dose seedling group for both species generally displayed a slight increasing trajectory or no trend at all (Figure 3 ). An exception to this is the decrease in dNBR and dNDVI index values for Larix at three and four weeks post-fire. Several of the Larix produced small leaf buds that initially grew for a few days, but ultimately died. This could explain the slight decrease of spectral index values (toward pre-fire baseline values) of Larix. Both dNDVI and dPRI spectral index values for the low and moderate FRED doses displayed bell-shaped temporal trajectories with values peaking at two weeks post-fire. These values generally decreased at three and four weeks post-fire, possibly indicating partial recovery in both seedling species. The dNBR spectral index did not display as strong of a trend as dNDVI and dPRI in either species. All pre-and post-fire spectral reflectance data are contained within supplemental data (Table S1) . At one year post-fire 100% of the Pinus and 67% of the Larix seedlings exposed to the 0.4 MJ¨m´2 dose survived. However, only 67% of the Pinus and 50% of the Larix seedlings exposed to the 0.8 MJ¨m´2 dose survived. All seedlings (over both species) exposed to 1.2 MJ¨m´2 died within one month post-fire. The mortality of the two Larix seedlings in the low treatment was attributed to a potential interaction associated with poor pre-fire seedling vigor. For the trees that survived 52 and species. The dNBR spectral index did not display as strong of a trend as dNDVI and dPRI in either species. All pre-and post-fire spectral reflectance data are contained within supplemental data (Table  S1) . At one year post-fire 100% of the Pinus and 67% of the Larix seedlings exposed to the 0.4 MJ•m −2 dose survived. However, only 67% of the Pinus and 50% of the Larix seedlings exposed to the 0.8 MJ•m −2 dose survived. All seedlings (over both species) exposed to 1.2 MJ•m −2 died within one month post-fire. The mortality of the two Larix seedlings in the low treatment was attributed to a potential interaction associated with poor pre-fire seedling vigor. For the trees that survived 52 and 54 weeks following the low and moderate intensity fires, all spectral indices returned to, or surpassed, their pre-fire baseline values (Figure 3 ). Even though some delayed mortality is present one year post-fire, these results still demonstrate a clear dose-response with higher delayed mortality in the larger 0.8 MJ•m −2 dose groups. Higher FRED dose resulted in increasing values (i.e., greater change from pre-fire baseline values) for all three differenced spectral indices across both species (Figure 3) . Linear relationships between the differenced spectral indices and FRED were generally strongest (i.e., r 2 > 0.50 and SEE < 0.1) one to two weeks following the combustion experiments. The dNDVI spectral index had the strongest relationships (r 2 = 0.73-0.85) for both species at these time periods. The dNBR spectral index had the weakest relationships over this same period (r 2 = 0.53-0.73).
Although the relationships between the differenced indices and FRED were strongest at 1-2 weeks following the burn, relationships between spectral indices and physiological performance were strongest four weeks post-fire ( Figure 4c Higher FRED dose resulted in increasing values (i.e., greater change from pre-fire baseline values) for all three differenced spectral indices across both species (Figure 3) . Linear relationships between the differenced spectral indices and FRED were generally strongest (i.e., r 2 > 0.50 and SEE < 0.1) one to two weeks following the combustion experiments. The dNDVI spectral index had the strongest relationships (r 2 = 0.73-0.85) for both species at these time periods. The dNBR spectral index had the weakest relationships over this same period (r 2 = 0.53-0.73).
Although the relationships between the differenced indices and FRED were strongest at 1-2 weeks following the burn, relationships between spectral indices and physiological performance were strongest four weeks post-fire ( Figure 4c 
Discussion
The strong relationship between dNDVI and PN observed in these fire dose-response experiments supports the methodology of [8] and further demonstrates that spectral indices have the potential to improve burn severity quantification through the monitoring of plant physiological metrics. While many studies have tested the utility of spectral indices for quantifying broad burn severity metrics (i.e., canopy cover, soil color, etc.) [11, 28, 29 ,44], we were able link post-fire spectral indices and physiological responses in two functionally-and ecologically-distinct tree species.
While the links between vegetation physiological response and resulting post-fire reflectance are not well understood, this study provides evidence to suggest that these changes could be the result of significant photochemical and structural changes arising from fire-caused damage and stress. [8] to include a comparison with Larix); (c) P N predicted from dNDVI four weeks post-fire (adapted from [8] to include a comparison with Larix); and (d) chlorophyll fluorescence predicted from dPRI one week post-fire.
The strong relationship between dNDVI and P N observed in these fire dose-response experiments supports the methodology of [8] and further demonstrates that spectral indices have the potential to improve burn severity quantification through the monitoring of plant physiological metrics. While many studies have tested the utility of spectral indices for quantifying broad burn severity metrics (i.e., canopy cover, soil color, etc.) [11, 28, 29, 44] , we were able link post-fire spectral indices and physiological responses in two functionally-and ecologically-distinct tree species.
While the links between vegetation physiological response and resulting post-fire reflectance are not well understood, this study provides evidence to suggest that these changes could be the result of significant photochemical and structural changes arising from fire-caused damage and stress. Previous remote sensing vegetation studies have identified that red reflectance from living vegetation is largely driven by photosynthetic pigments (such as chlorophyll and carotenoids) and near-infrared (NIR) reflectance is driven by structural features (leaf thickness, intercellular space, and dimensions) and other factors, such as nitrogen content [26, 45] . Since the dPRI spectral index uses reflectance wavelengths mostly influenced by leaf pigments [23, 46] , it is unsurprising that this index did not respond to the variations in photosynthesis that was not caused by differences in chlorophyll. In contrast, the use of both red and NIR reflectance in the calculation of dNDVI likely make this index a more integrative measure of changes in photosynthetic processes. The dNBR spectral index also uses a broader range of reflectance wavelengths than dPRI, but this index was not designed to assess physiological processes [30, 47] . The NIR and shortwave infrared reflectance used by dNBR are apparently more influenced by water content and other compounds in a leaf than processes more directly related to photosynthesis [11] . While the overall spectral response was very similar between the two species, slight differences could be attributed to differences in leaf pigment composition or physiological response to stress [48] .
Rather than chlorophyll fluorescence, changes in leaf structure could be driving the relationship between P N and dNDVI (Figure 4c ). Changes in leaf structure have been observed to influence NIR in other vegetation types including herbaceous plants [49] and deciduous broadleaf trees [26] . High temperatures, such as those resulting from fires, can create structural deformations in leaf cell walls [19] . Similarly, model simulations suggest that the high air temperatures present during a fire could lead to extreme drops in water vapor pressure, causing cavitation in the foliage [50] . In our study, FRED doses caused clear damage to the seedling crowns and individual needles that were sampled for spectral and physiological measurements (Figure 1b-d) . Generally, as the FRED dose increased, the proportion of needles with partial or complete scorch increased. Likewise, there were clear differences in the NIR reflectance between each FRED dose group (Figure 4a ). Partial and/or complete heat damage could result in significant changes in both NIR reflectance and photosynthesis. In addition to chlorophyll and other pigments, photosynthesis requires adequate movement (conductance) of water, carbon dioxide (CO 2 ), nutrients, and plant biomolecules within and among cells. Although there was little evidence of increased water stress, estimates of leaf intercellular CO 2 (Ci) indicated that the supply of CO 2 limited photosynthesis in these trees. Leaf conductance to CO 2 is highly influenced by leaf structure [51] and it is possible that we observed a strong relationship between dNDVI and P N because dNDVI is responding to changes in leaf structure. However, studies have identified other factors, such as foliar nitrogen content, which were not measured in this study, that could be driving the relationship between dNDVI and P N [26, 45, 52] .
The strong relationship we observed between dNDVI and changes in P N at the leaf level does not necessarily mean dNDVI can now be directly applied to the characterization of landscape-scale burn severity and effects on tree physiology; several limitations are obvious. First, we used a small sample size to correlate physiological metrics to spectral indices. This sample size (n = 15-20) varied depending on how quickly foliage from each seedling died and was shed. Second, trees in landscape-scale fires are likely to be under more stress (i.e., water and/or nutrient stress) than the seedlings in this study and, therefore, the relationship between reflectance and P N potentially differs. Depending on environmental conditions, evergreen species can have periodic reductions in photosynthesis while light absorption remains constant [53, 54] , which could lead to large errors if a constant P N -to-reflectance relationship is assumed. Multi-temporal field validation of the leaf-level dNDVI and P N data is needed. In addition, there is evidence that spectral properties observed at the leaf and branch level scale poorly to the landscape level due to effects resulting from species composition mixing, shadows, and non-vegetated areas [25, 27, 55] . Despite these challenges, studies have reduced scaling problems in tropical forests by using a fusion of LiDAR-derived canopy cover estimates and high spatial resolution (<2 m pixel size) imagery [56] . Using this methodology, only spectral characteristics of canopy crowns are assessed, minimizing mixed pixel errors. A similar approach could be used with lower spatial resolution imagery (i.e., 30 m Landsat imagery) by integrating existing canopy cover products, such as the National Land Cover Database (NLCD) or the Landscape Fire and Resource Management Planning Tools Project (LANDFIRE) canopy cover products [57, 58] or LiDAR data, to quantify errors associated with variable canopy cover.
The temporal trajectories of all three indices over the duration of this study suggests that caution should be used when using these indices for long-term severity characterization (i.e., >1 year), as all indices returned to their baseline (pre-fire) values for both species at one year post-fire. This result has also been observed with studies using spectral indices to map burned area [36] . Specifically, burned area mapping accuracy derived from NBR and dNBR spectral indices was demonstrated to significantly decline in Southeastern U.S. ecosystems when satellite data more than two months post-fire was used [59] . While [59] were primarily concerned with an ecosystem dominated by Pinus palustris (longleaf pine), our findings agree with theirs in suggesting initial severity assessments may be preferred over extended assessments when using vegetation metrics (such as P N ) as the burn severity metric.
The results of this and the prior studies [8] demonstrate that at one month post-fire a clear dose-response relationship between FRED and ecophysiology metrics is apparent. This study demonstrated that at one year post-fire the surviving seedlings of the 0.4 MJ¨m´2 and 0.8 MJ¨m´2 treatments were not significantly different from the control. Therefore, the compelling question that future research could seek to elucidate is how long (i.e., between one month and one year) does it take for the control and treatment groups to converge? In terms of plants within natural ecosystems (i.e., not nursery grown), additional questions include how seasonality and other environmental stressors, such as droughts and insects, impact this recovery trajectory.
This study serves as an example of how spectral data can be used to assess physiological function following wildland fires. For instance, these data could improve estimates of carbon assimilation loss due to damaged or consumed leaf area. The strong relationships between tree physiology and remote sensing spectral indices provides a significant step towards improving the characterization of wildland fire severity and carbon cycle dynamics across fires and regions.
Conclusions
Results from two physiologically-different conifer seedlings highlight the potential of spectral indices to predict fire effects related to carbon processes. The dNDVI spectral index outperformed other spectral indices used for vegetation stress and burn severity characterization in regard to leaf P N quantification. In terms of how knowledge is advanced, this study provides the necessary spectral groundwork for the development of more sophisticated landscape-scale remote sensing assessments of how fires impact the terrestrial carbon cycle. Such research could help provide quantitative data on landscape fire vulnerability [60] to help decision-makers mitigate the impact of fires on the environment [61] . Although promising, future work is, however, needed to examine how these relationships scale from individual trees to forest stands. Other spectral indices, such as dNBR, have been shown to be good at capturing broad change metrics, such as amount of live vegetation, vegetation moisture content, and changes in areal extent of exposed soil [11, 28] . However, as the widely-used Monitoring Trends in Burn Severity (MTBS) product [62] (delineated using dNBR) is usually the result of arbitrary thresholds [17] , this research provides a path toward the development of more quantitative and mechanistic severity metrics.
Importantly, the survival of low and moderate FRED seedlings after one year post-fire confirms an immediate post-fire dose-response relationship and not short-term variation followed by delayed mortality. This further reaffirms that fire-induced mortality is more complex than the binary scenario where trees survive with no impacts below a certain temperature and duration threshold, and mortality occurs above the threshold [8] . In terms of burn severity for these two species, the return of all spectral indices from surviving seedlings to their pre-fire baselines at 52 and 54 weeks post-fire indicates that initial severity assessments conducted utilizing post-fire data from the same growing season as the fire may be more useful at quantifying severity (in terms of P N ) than extended assessments that utilize data from the following growing season. Further study is clearly needed to determine if these relationships hold for older, larger trees, and other plant species.
Supplementary Materials: The following are available online at www.mdpi.com/2072-4292/8/7/572/s1, Table S1 : Pre-and post-fire spectral reflectance data for Pinus and Larix seedlings.
